In recent years, GaN−based light−emitting diode (LED) has been widely used in various applications
Introduction
In the last decade, GaN−based light−emitting diode (LED) has attracted considerable attention and was seen as a prom− ising replacement of conventional light sources. The spec− trum of GaN−based LEDs can be varied from ultraviolet emission to red emission, due to their large and tunable band gaps. As a result, LED was widely used in various applica− tions, such as RGB lighting system, full−colour display and visible−light communication. Compared to currently "phos− phor−converted" white LED, RGB lighting system avoids the absorption and emission losses associated with phos− phor. Besides, it has better colour rendering and fast res− ponse rate. Therefore, RGB white LEDs are the best light− ing source in a high quality illumination field.
RGB white LED consists of three kinds of LEDs emit− ting red, green and blue colours. More than 60% of internal quantum efficiency (IQE) has been achieved for blue LED [1] . On the other hand, AlGaInP−based LED has been well developed and showed impressive performance in red re− gion, but lost efficiency in shorter wavelengths [2] . The IQE of green LEDs is significantly lower than that of a shorter wavelength InAlGaN−based blue and a longer wavelength InAlGaP−based red LEDs [3] . The lag of the green LED efficiency is called "Green Gap", as shown in Fig. 1 .
The emission mechanism in green InGaN/GaN multi− ple quantum well (MQW) has been studied extensively.
Many approaches have been reported recently to overcome the "green gap" for applications of LED. In this paper, we first discussed the mechanisms which are responsible for the low IQE of green InGaN/GaN LED. Then, we reviewed the recent progress in enhancing the IQE of InGaN/GaN−based green LED, including improvement of crystal quality and increase of electron−hole wave function overlap.
Mechanisms of low IQE for a GaN based green LED
The InGaN wells' indium composition requires a high in− dium composition to achieve a long wavelength green LED. The relatively low quantum efficiency of InGaN/GaN green MQW with the high indium composition can be attributed to several reasons. First, it's difficult to grow high quality InGaN/GaN MQWs with a high indium composition. The strain caused by lattice mismatch between InGaN wells and GaN barriers may increase with the raise of indium composition in the QWs. Indium clustering induced by a misfit strain is obser− ved when the well thickness is smaller than the critical thickness [5] . However, if the well is thicker than the critical thickness, the misfit strain may cause the misfit strain−in− duced defects such as point defects [6] , impurities [7] , V−de− fects [8, 9] . These high−density strain−induced defects may act as nonradiative recombination centres in the InGaN/ GaN MQWs and, hence decrease the IQE of the green LED. Additionally, the increase of indium composition also leads to the chemical inhomogeneity of the InGaN well layers due to the poor miscibility between InN and GaN. Phase segre− gation causes difficulties in achieving homogeneous InGaN alloys, and even a degradation of the InGaN/GaN MQW active region [10] .
Secondly, there is an internal electric field in InGaN/ GaN multiple quantum wells of LED grown on the c−plane sapphire. The electrostatic field leads to the spatial separa− tion of electron−hole wave functions and consequently re− duces the radiative recombination rates [11] . Because the piezoelectric polarization depends on strain, the reduction in recombination rate is larger for longer emission wavelen− gths' green LED [2] .
Approaches to enhance the efficiency of green LED
Many efforts have been expanded to overcome the challenges mentioned before. Recently, several approaches have been re− ported to effectively improve IQE of InGaN/GaN MQW green LED. These strategies can be divided into two categories. The first kind of methods is focused on enhancement of radiative recombination by improving crystal quality of MQW. These methods suppressed the indium segregation and reduce the density of defect by optimizing the growth condition of MQW and employing some new structure. Another kind of means in− creased the recombination rate by raising the overlap of wave function of holes and electrons, including polarization restrai− ning and energy band engineering design.
Improvement of crystal quality
Normally, the optimal growth temperature of InGaN well layers is substantially lower than that of GaN barrier layers due to low miscibility of InN in GaN [12] . The conventional method is to grow the whole MQW active region at a con− stant low temperature since it is difficult to change the growth temperature rapidly and accurately. Consequently, the crystal quality of GaN barriers grown at low temperature is too poor to get good optoelectronic properties, which is more severe in green LED with high indium component. S.J. Chan et al. improved the crystal quality and light output power of InGaN/GaN MQW green LED by growing a GaN barrier at high temperature [13, 14] . During the growth of InGaN/GaN MQW, they first ramped down the temperature and waited till it stabilized to grow an InGaN well layer. After that, temperature was ramped up to a higher value and waited till it stabilized to grow a GaN barrier layer. The detail of the temperature ramping process is shown in Fig. 2 (a). 
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However, the high temperature growth GaN barrier may possibly damage the InGaN well layer. During the tempera− ture ramping and barrier growth process, the well suffers from a higher temperature which leads to indium re−evapo− ration and segregation at the interface of QWs. This thermal degradation of MQW reduces the radiative recombination rate. Jin−Woo Ju et al. used a thin GaN, as well as a protec− tion layer to prevent thermal damage to the fragile well [15] . After the growth of an InGaN well, a 1 nm−thick GaN well−protection−layer was subsequently coated at the same temperature.
Michael Moseley's study revealed that indium surface segregation was more associated with the quantity of in− dium adsorbed on the surface, rather than growth in the In−rich regime in general [16] . He proposed a method for controlling indium surface segregation by shuttering Group− −III metal fluxes at a fixed modulation via metal−modulated epitaxy (MME). The periodic closing of the metal effusion cells allows for complete consumption of excess metal on the surface, preventing droplets from persisting throughout the growth. Yufeng Li et al. reported that the GaN epi−layer grown on the patterned sapphire substrate showed a 44% lower threading dislocation density than that grown on planar sub− strate [18] . A GaN−based green LED grown on s patterned c−plane sapphire therefore had a doubling of the internal quantum efficiency. [19] . The density of microstructural defects in the LED on GaN was substantially reduced. As a result, the IQE of green LED on GaN was 71% higher than similar LED grown on sapphire.
The growth conditions of the MQW play important role in the crystallization qualities and light properties of the green LED. At the same time, the high−temperature post− −growth of the p−GaN hole transport layer causes thermal damage to the InGaN/GaN MQW and decreases the emis− sion efficiencies of the InGaN/GaN MQWs LED. The ther− mal damage of the InGaN/GaN MQW, which is caused by high growth temperature of p−GaN, is attributed to the in− dium diffusion into GaN barrier layers from InGaN well layers [20] . It's promising to reduce the growth temperature of a p−GaN layer for better optical and structural properties of InGaN/GaN MQW [21] . The quality of InGaN/GaN MQW green LED could also be improved by "active−re− gion−friendly" p−InGaN layers grown at low temperature [22] [23] [24] . Figures 5(a)-5(d) show that structural of MQWs with a p−GaN layer grown at different temperature. As a re− sult, the internal quantum efficiency was enhanced due to a better interface quality of the InGaN/GaN MQW [25] .
In addition, the interface treatment with a H 2 flow can suppress the In surface segregation in the interface of QWs. At every stage of interface formation between InGaN well and GaN barrier, growth is interrupted for an interval and at the same time H 2 is introduced into the reactor [26] . The indium segregation effect, which is formed in the InGaN/ GaN MQW and attributed to the subsequent high tempera− ture growth process of a p−type layer, can be effectively eliminated by introducing H 2 gas during the growth inter− ruption period in the growth of MQW [26, 27] . As shown in Fig. 6 , the photoluminescence intensity of LED drastically increases with raising the H 2 flow rate during the growth interruption.
Wave functions overlap improvement of electrons and holes
Polarization electric field directly causes the wave functions separation of electrons and holes. The nonpolar and semi− polar InGaN/GaN MQW could efficiently reduce the elec− trostatic field intensity and increase the quantum efficiency of InGaN QW [28, 29] . The r−plane sapphire and a−plane SiC were used for a nonpolar a−oriented nonpalor GaN growth [30, 31] . Subse− quently, a−plane GaN templates [32, 34] and m−plane InGaN films on m−plane 6H−SiC were reported [35] . Semipolar (10-13) InGaN/GaN green LEDs were also fabricated on an m−plane sapphire [36] . Taeil Jung et al. demonstrated a semipolar green InGaN/GaN MQW fabricated on low cost c−plane sapphire substrates and achieved 30% higher inter− nal quantum efficiency than a conventional c−plane MQW [37] . In addition, bulk−GaN substrates with arbitrary orien− tations are attractive to grow a nonpolar and semipolar green LED such as (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) orientation GaN [38, 39] , (20) (21) semipolar GaN [40, 41] , and a−plane GaN [42] .
In the study of Ting−Wei Yeh et al, uniform GaN na− norod arrays were grown vertically by selective area growth on c−plane substrates. These nanorods presented six non− polar {11-00} facets, which served as growth surfaces for semipoalr InGaN/GaN MQW [43] , as shown in Figs. 7(a) and 7(b). The absence of polar plane orientation leads to elimination or significant reduction of polarization effects. Relieved QCSE was hence achieved with an improved overlap of electron−hole wave functions for MQW. Conse− quently, the probability of dipole transition in the semipolar and nonpolar QWs was enhanced for more efficient radia− tive recombination [44] . Strain is directly responsible for the piezoelectric polar− ization. Reduction of strain can eliminate the piezoelectric field and improve the overlap of electron−hole wave func− tion. There are some novel methods proposed recently to relax the strain.
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One effective method to reduce strain is a strain−com− pensated growth technique which means to grow MQW with a novel structure to relax strain. D.M. Van Den Broeck et al. reported the growth of In x Ga 1−x N/GaN "strainbalan− ced" multiple quantum wells (SBMQWs) grown on thick In y Ga 1−y N templates for x > y [45] . The SBMQW has been a lattice matched to the thick In y Ga 1−y N template. In the SBMQWs, thicknesses and compositions are chosen so that the compressive stress in the wells is balanced by the tensile strain in the barriers, as shown in Fig. 8(a) . Due to the reduced compressive stress in the SBMQWs, the resulting piezoelectric electric field will be less than conventional InGaN/GaN MQW grown on GaN. This reduction of elec− tric field will increase the overlap of electron−hole wave functions, thus improving the emission intensity. Figure  8(b) shows the obvious enhancement of emission intensity from a conventional MQW to SBMQW.
R. Arvind Pawan et al. designed a novel high−low in− dium composition and pre−strained the InGaN/GaN MQW structure of green LED [46] . In this MQW the first four QWs have a lower indium fraction in In x Ga 1-x N to mini− mize lattice strain and achieve better current density. But the fifth layer has a higher indium fraction to get emission in the green region of the spectrum. Such a design with a gradation in indium composition in the QWs considerably reduces the strains in active region and results in the improvement of luminous intensity and radiative recombination rate.
AlGaN interlayer between the well and the barrier is another approach to compensate strain in InGaN QWs. Shinji Saito et al. employed AlGaN interlayers to enhance the IQE of LED [47] . The AlGaN interlayer which is between the InGaN QW layer and the upper InGaN barrier layer and has 40% high aluminium content, act as strain− −compensating layers for the high−indium−content well la− yer. As a result, the overlap integral of electron and hole wave functions is enhanced and the crystal quality is im− proved effectively. Thus, the IQE is improved by the high− −aluminium−content AlGaN interlayers.
Hongping Zhao et al. demonstrated a strain−compen− sated InGaN/AlGaN QW structure employing thin tensile− −strained AlGaN barriers to surround the compressively strained InGaN QWs [48] . In addition, Seoung− Hwa n Park et al. with a tensile−strained InGaN barrier [49] . The radiative efficiency of a strain−compensated QW structure is shown to be much larger than that of a conventional QW structure. This is attributed to the reduction of internal field in the strain−compensated QW structure. Nanopillar LED is an array of InGaN/GaN MQW rods which is fabricated by inductively coupled plasma etching using a Ni self−assembled nano−size mask, as shown in Fig. 9 . The large surface−to−volume ratio of nanopillars pro− vides a way for strain relaxation of InGaN/GaN MQW [51] . It means that the piezoelectric field induced by strain reduces and the wave function overlap between electrons and holes increases. In the meantime, the density of defect in InGaN/ GaN MQW is significantly reduced. As a result, the radiative recombination rate is enhanced and, thus, the IQE of the LED device is increased. Jin−Woo Ju et al. reported that the PL intensity of the 515 and 543 nm green nanopillar LED sample had 2.5 times and 7 times improve− ment respectively, compared to a conventional structure LED [50] .
Another way to fabricate a nanopillar LED is a direct growth by metal organic−hydride vapour phase epitaxy. In the process of fabrication given by Hwa−Mok Kim et al, nanometer−sized seeds are grown firstly followed by growth of nanopillars on the seeds. Then nanopillar arrays were buried in spin−on glass for the isolation of individual na− nopillars, and for the purpose of bringing the p−type NRs into contact with the p−type electrodes [52] . The IQE of a nanopillar LED is significantly increased due to the large sidewall surface area and low dislocation density.
The overlap of electron−hole wave functions can also be increased by the design of staggered InGaN QW. Hongping Zhao et al. enhanced the IQE of green LED by using of the staggered InGaN QW with step−function like In content in the well layer [53] [54] [55] [56] . Figure 10 shows the schematic of staggered InGaN QW and L−I curve of green LED with a staggered InGaN QW. The staggered InGaN QW achieves a better overlap of electron−hole wave function, leading to an increase in the radiative recombination rate of the green LEDs. Moreover, an effective strategy to enhance the recombi− nation efficiency of InGaN/GaN based green LED is to form high−density ultra−small In−rich quantum dots (QD) by spontaneous spinodal decomposition in the InGaN active layers. Ultra−small InGaN QDs with uniform size and high density can be self−formed by controlling the NH 3 flow rate during the growth of InGaN active layers. Because of the higher In composition in In−rich QDs, the deeper potential levels can attain better capability for carrier confinement and inhibit them from escaping toward surrounding non− −radiative recombination centres, such as dislocations and point defects. As a result, InGaN QDs can function as effi− cient luminescence sources, especially for the longer wave− length spectral region with a high In content, and have exhibited an 18% enhancement in IQE [57] .
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Conclusions
In conclusion, we have discussed the mechanism limited the internal quantum efficiency of InGaN/GaN MQW green LED and recent approaches to enhance the IQE. To achieve green emission, high In composition in InGaN QW is re− quired. Hence, a large lattice mismatch between InGaN wells and GaN barriers occurs as the In composition in− creases. This effect leads strain−induced defects and strong polarization field. The defects act as nonradiative recombi− nation centres and polarization separates the electron−hole wave function. Consequently, the radiative recombination efficiency of InGaN/GaN MQW green LED is lower than that of blue LED which is called "green gap". Subsequently, we have put emphasis on the recent efforts made to improve efficiency of green LED. Some of these methods were pro− posed to grow high quality InGaN/GaN MQW with high In composition and low density of defects by modifying the growth conditions. Other methods focused on eliminating the polarization effect in MQW by semipolar and nonpolar LED or novel MQW structures.
